Introduction 53
Phototransduction in Drosophila is mediated by a phospholipase C (PLC) cascade, 54 culminating in activation of two distinct Ca indicating amplification also requires activation of multiple G-proteins and PLC. Bump 66 amplitudes in such mutants can be restored to wild-type levels by an additional mutation 67 in the rdgA gene, which encodes diacylglycerol kinase (DGK), suggesting a role for this 68 enzyme in regulating the supply of excitatory second messenger (Hardie et al. 2002) . 69
To maximise sensitivity, photoreceptors must minimise noise caused by channel activity 70 in the dark. Such "dark noise" can result from spontaneous activation of molecules at 71 any phototransduction stage and sets a fundamental limit on absolute sensitivity (e.g. 72 Aho et al. 1988 ; Rieke and Baylor 1996) . In Drosophila, spontaneous isomerizations of 73 rhodopsin are rare (< 1 min -1 ) and dark noise is dominated by small (~2 pA) bump-like 74 events at rates of 2-3 s -1
. These are eliminated in mutants of the Gq-protein α subunit 75 (Gαq) suggesting they originate from spontaneous G-protein activation (Elia et al. 2005 ; 76
Hardie et al. 2002). 77
An increase in spontaneous dark noise was first reported in mutants of ninaC (neither 78 inactivation nor afterpotential C) (Hofstee et al. 1996) , which encodes rhabdomeric and 79 cytosolic isoforms of myosin III (Montell and Rubin 1988; Porter et al. 1992) . Recently, 80 a similar noise phenotype was found in rtp mutants lacking retinophilin (Mecklenburg et 81 al. 2010 ), a novel rhabdomeric protein with homologies to junctophilins (Mecklenburg 82 2007; Takeshima et al. 2000) . RTP protein, which associates physically with NINAC 83 (Venkatachalam et al. 2010) , was undetectable in ninaC null mutants, suggesting the 84 increased dark noise in ninaC was due to lack of RTP (Mecklenburg et al. 2010) . 85
The present study presents a detailed investigation of the determinants of dark noise, 86 which both confirms and significantly extends some of these earlier findings. We show 87 that dark noise is increased by a point mutation in NINAC that disrupts its interaction 88 with the INAD scaffolding protein, and also in rdgA/+ heterozygotes with reduced DGK 89
function. In addition, we show that dark noise is critically dependent upon cytosolic Ca 2+ 90 in the sub-micromolar range. We confirm that dark noise in wild-type photoreceptors as 91 well as the enhanced dark noise in various mutant backgrounds is Gq protein dependent, 92 mediated primarily by TRP channels and unaffected by genetic elimination of rhodopsin. 93
The results allow an in vivo estimate of the rate of spontaneous G-protein activations, 94 and suggest that under normal conditions only a small fraction of these lead to channel 95 activation. Importantly, we also show that the various mutations that increase dark 96 noise (ninaC, rtp, rdgA) all increase the amplitude of the small quantum bumps in Gαq 97 and norpA hypomorphic backgrounds, suggesting that dark noise and quantum bumps 98 are regulated by common mechanisms involving RTP, NINAC and DGK. 99 100
Materials and Methods 101

Fly Strains 102
Flies were reared on standard cornmeal-agar diet at 25 o C in the dark. The wild-type 103 strains included both white-eye (w
1118
) and red-eye Oregon, with no difference being 104 observed between them. Mutants used included: 105 Gαq 1 , a hypomorph of the Gq α subunit expressing ca 1% of wild-type protein levels 106 (Scott et al. 1995 amplifiers and pCLAMP8, 9 or 10 software (Molecular Devices, Union City CA). 152
Quantum bumps and spontaneous dark events were analysed using the Minianalysis 153 program (Jaejin Software Leonia, NJ), using a threshold criterion of 0.5 pA. Event rates 154 were analysed automatically, but for event amplitudes and waveforms, all events were 155 individually scrutinised before acceptance. Photoreceptors were stimulated via green 156
Light-Emitting-Diode; intensities were calibrated in terms of wild-type effectively 157 absorbed photons by counting quantum bumps at low intensities in wild-type cells. 158
159
Western immunoblotting 160
Heads from flies aged 0-24 h posteclosion were prepared by decapitating flies cooled on 161 ice. Samples were homogenized in 2x SDS-PAGE sample buffer followed by boiling at 162 90°C for 1 min. Samples were separated using SDS-PAGE and electroblotted onto 163 supported nitrocellulose membrane (Hybond-P or Hybond-C extra; GE Healthcare). 164
The uniformity of transfer onto membranes was checked by staining with Ponceau S. 165
Following blocking in 5% non-fat milk (Santa Cruz), blots were incubated for overnight 166 at 4°C in appropriate dilutions of primary antibodies (rabbit anti-α-tubulin (1:1000 167 dilution, ab15246, Abcam), rabbit anti-Gaq (1:3000 dilution), rabbit anti-RTP (1:500 168 dilution) and rabbit anti-RDGA (1:500 dilution). In each case antibody specificity was 169 confirmed by lack of staining in respective mutants. Immunoreactive protein was 170 visualized after incubation in appropriate dilution of secondary antibodies. The 171 antirabbit IgG ECL HRP linked secondary antibodies (GE Healthcare) were used 1:5000 172 dilution for RTP and α-tubulin blot, 1:10000 for Gaq. The RDGA blot was probed with 173 1:10000 dilution of antirabbit IgG coupled to horseradish peroxidase (Jackson 174
ImmunoResearch Laboratories). For Gaq, RTP and α-tubulin, bands were visualized by 175 the Amersham ECL-Plus detection regents (GE Healthcare) and were quantitated by 176 G:Box iChemi imaging system (SYNGENE). For RDGA, the blots were developed with 177 ECL (GE Healthcare) using LAS4000 instrument (GE Healthcare) and the immunoblots 178 were quantified using Quantity One 1-D analysis software (Bio-Rad). 179
180
Results
181
Spontaneous dark noise in rdgA/+ heterozygotes 182
The light-sensitive TRP and TRPL channels are constitutively active in rdgA mutants 183 lacking diacylglycerol kinase (DGK), indicating that DGK, which converts DAG to 184 phosphatidic acid (PA), is required to prevent spontaneous channel activation (Raghu et 185 al. 2000) . However, the uncontrolled Ca Immediately after establishing the whole-cell configuration, small spontaneous dark 213 events, similar to those using normal (ATP containing) electrode solution were observed. 214
These then rapidly increased in rate and amplitude reaching rates of up to 10-20 events s ;trpl double mutant indicating that the effect was mediated independently of 385 PLC, and most likely at the level of the channel (Figure 7) . 386
387
The ability to facilitate dark events and LNA-induced channel activity by raising Ca on a sub-millisecond timescale suggesting a direct effect on the channels 547 themselves (Hardie 1995). In the present study, we found that the sensitivity of TRP 548 (but not TRPL) channels to exogenous agonist (LNA) was enhanced by Ca 
